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Summary
Objective: The effect of mechanical injury on chondrocyte viability and matrix degradation was studied. It was proposed that mechanical
injury to human cartilage explants results in chondrocyte apoptosis with associated loss of glycosaminoglycans.
Design: Full thickness human cartilage explants, 5 mm in diameter were subjected to a single static mechanical stress of 14 MPa for 500 ms
under radially unconfined compression. Glycosaminoglycan (GAG) release and percentage of cells undergoing apoptosis were measured at
96 h after injury. To establish the time course of apoptosis, explants were subjected to 30% strain and cultured for varying intervals up to
7 days after injury. A group of loaded explants were also treated with the broad spectrum aspase inhibitor z-Vad.fmk after injury.
Results: Internucleosomal DNA fragmentation as one indicator of apoptosis was observed in 34% (S.D.±11) of chondrocytes at 96 h in
response to mechanical loading at 14 MPa, compared to 4% (S.D.±2) in the non-loaded explants. Evidence for cell death induction via
apoptosis was also obtained by electron microscopy and caspase cleavage of cytokeratin. GAG release was also higher for the loaded
explants, mean 1.9% (S.D.±0.14) of total GAG content, compared to control explants, mean 0.8% (S.D.±0.28). The percentage of apoptotic
cells also correlated with the level of GAG release into the culture media. The percentage of apoptotic chondrocytes demonstrated a
progressive increase from 6 h to 7 days post-injury. When loaded explants were cultured in z-Vad.fmk after injury, a 50% reduction in
apoptosis rates was seen.
Conclusions: These results demonstrate that mechanical injury induces chondrocyte apoptosis and release of GAG from the matrix. The time
course suggests that a therapeutic window may exist where apoptosis could be inhibited. This potentially identifies a new approach to
chondroprotection. © 2001 OsteoArthritis Research Society International
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Articular cartilage has poor reparative potential, but the
reasons for this are not fully understood1,2. Although sev-
eral histologic studies demonstrate the occurrence of
chondrocyte death in response to mechanical injury, it is
only recently being established whether cell death occurs
as apoptosis or necrosis3–9. Since articular cartilage lacks
blood supply and possibly a source of stem cells, chondro-
cyte viability may be one of the critical limiting factors in the
repair response.
Apoptosis has been extensively studied in other tissues
and cells. Several known inducers of apoptosis have been
identified including chemical agents, cytokines, viral and
bacterial pathogens and thermal injury10–13. Apoptosis has
also been shown to result from mechanical stress in a
variety of cells14–17. The apoptotic pathway has been
shown to include the activation of a cascade of cysteine-
dependent aspartate specific proteases (caspases) which
lead to characteristic changes in DNA and other cellular
constituents. Inhibition of several caspases has been712shown to inhibit the apoptotic process and enhance cell
survival in vitro and in vivo11,18–23.
More recently, chondrocyte apoptosis and necrosis has
been reported in response to mature and immature bovine
cartilage wounding9, after injurious loading of calf cartilage
explants6 and after a transient injury in adult bovine carti-
lage5. It has not yet been shown that these responses are
applicable to human articular cartilage taken from weight
bearing regions of the knee joint. This study investigates
in vitro cartilage response to mechanical injury, detects and
measures chondrocyte apoptosis and glycosaminoglycan
loss, and establishes a time course for the apoptotic
process in adult human articular cartilage.Materials and methodsReceived 21 August 2000; revision requested 8 November
2000; revision received 4 April 2001; accepted 11 May 2001.
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Macroscopically normal tibial and femoral articular sur-
faces were selected from human cadaver donors between
18 and 45 years of age. Using sterile techniques, full
thickness cartilage was separated from underlying
subchondral bone with a scalpel. 5 mm diameter cylindrical
explants, ranging from 2 to 2.8 mm in thickness, were
cored out using a dermal punch (Acuderm, Inc., Ft
Lauderdale, FL). Explants taken from adjacent sites were
used as matched controls for each group in each exper-
iment to minimize variation in cartilage response due to
differences in thickness and location within the joint. Each
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The injury protocol which applies a transient load has
been described previously5. This loading protocol was
chosen to simulate an impact injury and had been found to
consistently produce between 20% and 40% apoptosis in
previous tests with bovine cartilage samples. Briefly,
explants were placed between impermeable stainless steel
platens in radially unconfined compression in fresh DMEM.
Explants were subjected to a single 500 ms load at the
selected stress (14 MPa, for apoptosis detection exper-
iments) or 30% strain (for time course and apoptosis
prevention experiments). Control explants were placed in
the machine but not loaded. To determine whether there
was immediate loss of GAG during injury loading, GAG
content of DMEM in which the explants were loaded was
determined. Both control and loaded explants were
re-cultured in fresh media immediately after loading.RESPONSE TO MECHANICAL INJURY
To establish extent of tissue response to mechanical
injury one stress level of 14 MPa was selected. Previous
tests demonstrated that loads below 7 MPa did not result in
any measurable cell death and loads above 20 MPa
resulted in extensive structural damage of the tissue. Eight
explants each taken from three donor tibial condyles were
tested at this stress level. Explants taken from adjacent
cartilage were selected as paired non-loaded controls to
control for differences in site of origin. Explants were
examined 96 h after loading for apoptosis as described
below.GLYCOSAMINOGLYCAN RELEASE ASSAY
To measure glycosaminoglycan release, the concen-
tration of sulfated glycosaminoglycans (GAG) in culture
media was measured using 1,9-Dimethylene Blue as a
monitor of spectrophotometric changes which occur during
the formation of the sulfated GAG dye complex24,25. To
generate a standard curve, chondroitin-6-sulfate (Sigma,
St Louis, MO) was used at concentrations between 1 and
200 g/ml. GAG release was expressed as percent GAG
content of control explants.APOPTOSIS DETECTION
Explants loaded as described above were fixed in 10%
buffered formalin. In situ detection of apoptosis was per-
formed on 5 m thick sections using MEBSTAIN Apoptosis
Kit (MBL, Nagoya, Japan). This uses fluorescein-dUTP to
label DNA strand breaks (TUNEL method) and hence
allows direct detection of DNA fragmentation. Cells demon-
strating apoptosis emit a bright green fluorescence while
non-apoptotic cells are counterstained orange by pro-
pidium iodide. Apoptosis was quantified by counting the
number of TUNEL positive cells and expressed as a
percentage of the total number of cells. Since all cells
demonstrating DNA fragmentation will stain positive by
TUNEL, for further confirmation of apoptosis, several con-trol and loaded explants were divided into two halves. One
half underwent fluorescein-dUTP labeling as described
above. The other half was fixed in 2.5% glutaraldehyde
buffered with 0.1 M cacodylate (pH 7.2), rinsed in
cacodylate buffer, post-fixed for 1 h in 2% OsO4 buffered
with cacodylate, dehydrated in a graded ethanol series,
and embedded in Polybed 812 (Polysciences, Warrington,
PA). Thin sections were stained with uranyl acetate and
lead citrate and examined under electron microscopy for
features of apoptosis. In addition, representative histologic
sections were examined for presence of a caspase cleav-
age site in cytokeratin 18 that exposes a neo-epitope
specific for apoptosis. This was detected by immuno-
histochemical staining with M30 (Cytodeath, Boehringer
Mannheim, Eugene, Oregon), a monoclonal antibody that
recognizes the neo-epitope exposed in early apoptosis26.TIME RESPONSE
To establish the time response after injury, explants were
loaded at 30% strain and cultured for 3, 6, 12, 24, 48 and
96 h, and 24, 48, 96 and 168 h after injury in separate
experiments. Due to the variation in thickness and material
properties of cartilage taken from different locations within
the same joint, strain controlled experiments were per-
formed as they were found to produce more consistent
injury. Percent apoptosis and GAG release was measured
at the end of each culture period.CASPASE INHIBITION
To determine whether caspase inhibitors could prevent
apoptosis, explants were cultured in 100 M z-Vad.fmk (a
broad spectrum caspase inhibitor) immediately after injury
(30% strain level). Percentage apoptosis was measured at
96 h post-injury in three groups (control, loaded, and
loaded with z-Vad.fmk) with 10 explants each in two
separate experiments.STATISTICAL METHODS
Non-parametric comparison of group means (Kruskal–
Wallis) was used to test for significant differences in
glycosaminoglycan release and apoptosis rates between
different groups. Linear regression was used to detect
correlation between % apoptosis and GAG release.ResultsGAG RELEASE IN RESPONSE TO MECHANICAL STRESS
Cartilage injury loading has been shown to result in GAG
release in media8,27,28. GAG levels in media were there-
fore measured to determine the extent of tissue damage
produced by the 14 MPa stress injury. Since the mechan-
ical properties of cartilage are largely determined by the
GAG content, loss of GAG can result in a deterioration in
load bearing capacity. GAG release (expressed as a % of
total GAG content) increased significantly with injury [Fig.
1(a)] at 96 h after loading. Loaded explants (mean 1.9%,
S.D.±0.14) demonstrated a higher level of GAG release
compared with Control (mean 0.8%, S.D.±0.28) (P<0.02).
This was also confirmed by Safranin-O staining of histologi-
cal sections which showed reduced intensity of stain fromexplant was weighed and allowed to stabilize at 37°C and
5% CO2 for 48 h in Dulbecco’s modified Eagle’s medium(DMEM) supplemented with 5% fetal bovine serum (FBS),
L-glutamine, antibiotics and 50 g/ml ascorbic acid.
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sections (data not shown). To determine whether there was
immediate loss of GAG during injury loading, explants were
loaded in fresh DMEM and then recultured in fresh media.
The media in which the explants were injured demon-
strated undetectable GAG levels, suggesting that no



















































Fig. 1. (A) GAG release in response to mechanical loading. Cartilage explants were loaded at 14 MPa and cultured for 96 h. Cumulative
sulfated GAG release was measured by 1,9-Dimethylene Blue assay. The results are expressed as a % of total explant GAG content per mg
and represent mean values from eight explants in each group from three separate experiments (separate donors). (B) Apoptosis in response
to mechanical loading. Control explants and those loaded at 14 MPa were cultured for 96 h after loading. Histologic sections were examined
by TUNEL. TUNEL-positive and -negative cells were counted. Apoptosis is expressed as a percentage of positive cells.Fig. 2. Histologic section of a control explant. TUNEL of Control explant demonstrating minimal apoptosis. Apoptotic cells: bright green
fluorescence; normal cells: orange counterstain. Panel A: original magnification: 100×; Panel B: original magnification: 400×.APOPTOSIS INDUCED BY MECHANICAL INJURY
In the same series of experiments described above,
explants were also examined by TUNEL to determine if
chondrocyte apoptosis does occur in response to mechan-
ical injury. At 96 h, Control explants demonstrated mean
baseline apoptosis of 4% (S.D.±2). Loaded implants (stress
Osteoarthritis and Cartilage Vol. 9, No. 8 715level=14 MPa) exhibited significantly higher apoptosis
rates, mean 34% [S.D.±11, P<0.01, Fig. 1(b)]. Control
explants demonstrated a few apoptotic cells which were
located mainly in the superficial zone, while Loaded
explants revealed apoptotic cells in superficial and inter-
mediate zones (Figs 2 and 3). The deep zones consistently
demonstrated minimal or no apoptosis. Electron
microscopy revealed apoptotic chondrocytes in the loaded
explants but none in the control explants (data not shown).
Immunohistochemical staining with the M30 monoclonal
antibody also confirmed results obtained by TUNEL in the
samples tested (data not shown). There were a few apop-
totic cells seen adjacent to the cut edges of the explants but
no significant differences in the incidence of apoptosis was
seen at the cut edges of the explants in either control or
loaded explants. Some variation in GAG release and apop-
tosis rates was observed in the above experiments. To
determine whether explants with higher apoptosis rates
also resulted in higher GAG release, linear regression was
performed with demonstrated a significant correlation of
GAG release with apoptosis rate (P=0.02).TIME COURSE OF APOPTOSIS
Apoptosis is known to occur after an ordered sequence
of cellular events. Although apoptosis can be induced by
several different triggers, it is characteristically associateddownstream with the sequential activation of caspases.
The time course of apoptosis is therefore of particular
significance as it would determine the presence or absence
of a therapeutic window for potential modulation of the
apoptotic process. Two series of experiments were per-
formed to determine the time course of apoptosis after
mechanical injury. The first set of experiments demon-
strated no significant increase in the percentage of apop-
totic cells up to 6 h after injury, while an increase was seen
between 6 h after injury and 96 h after injury [Fig. 4(a)]. In
the second set of experiments wider time intervals were
used and the percentage of apoptosis was found to
continue to increase up to 7 days after injury [Fig. 4(b)].Fig. 3. Histologic sections demonstrating apoptosis in a loaded explant. TUNEL of Loaded explant (30% strain) demonstrate high incidence
of apoptosis. Apoptotic cells: bright green fluorescence; normal cells: orange counterstain Panel A: original magnification: 100×; Panel B:
original magnification: 400×.CASPASE INHIBITION
The presence of a time delay in the establishment of
apoptosis suggests potential for agents that may inhibit this
response after mechanical injury. Although apoptosis can
be induced via three major pathways (death receptors,
mitochondria and endoplasmic reticulum), overlaps exist in
the sequential activation of caspases which converge at
caspase 3. Several studies have demonstrated the efficacy
of caspase inhibition in preventing apoptosis in a variety of
settings11,18–23. Figure 5 shows that mechanically induced
apoptosis can also be reduced by caspase inhibition.
Explants cultured in z-VAD.fmk demonstrated a mean 50%
716 D. D. D’Lima et al.: Chondrocyte apoptosis and mechanical injuryreduction in apoptotic rates (P<0.05). These effects of
caspase inhibition support the above findings of apoptosis
detected by TUNEL, since cells undergoing necrosis can-
not be rescued by caspase inhibition. In addition, it sug-
gests that cells that are triggered to undergo apoptosis can
be rescued, opening possibilities for enhancing cartilage
repair by increasing or maintaining cell viability.0





















































Fig. 4. (A) Time course of apoptosis up to 96 h. Explants were loaded at 30% strain levels and cultured for 0, 3, 6, 24, 48 and 96 h. Control
explants were cultured for 96 h. Histologic sections were examined by TUNEL. TUNEL-positive and -negative cells were counted. Apoptosis
is expressed as a % of positive cells. (B) Time course of apoptosis up to 7 days. Explants were loaded at 30% strain levels and cultured for
1, 2, 4 and 7 days. Control explants were cultured for 7 days. Histologic sections were examined by TUNEL. TUNEL-positive and -negative


























Fig. 5. Effect of caspase inhibition on percent apoptotic rates.
Explants were loaded at 30% strain levels. Caspase inhibitor group
explants were cultured in media containing z-Vad.fmk for 96 h.
Control group explants were not loaded. Histologic sections were
examined by TUNEL. TUNEL-positive and -negative cells were
counted. Apoptosis is expressed as percentage of all cells.Discussion
Joint loading and motion has been shown to induce
a wide range of metabolic responses in cartilage.
Immobilization or reduced loading leads to a decrease in
GAG synthesis and content29–34. Increased dynamic load-
ing within physiologic ranges causes an increase in GAG
synthesis and content30,33–37. Proteoglycan release has
previously been used as a measure to estimate the extent
of in vitro mechanical injury. In the present study there was
Osteoarthritis and Cartilage Vol. 9, No. 8 717increase in release of proteoglycan in response to injury.
This validates the premise that in vitro loading at the
selected injury levels, produces reproducible metabolic
response indicative of cartilage injury. More severe static or
impact loading causes cartilage deterioration and leads to
osteoarthritic changes8,27,28,38. Prior histologic studies
have demonstrated the occurrence of cell death after
articular cartilage injury4,7. The focus is now on chondro-
cyte apoptosis. Blanco et al. demonstrated chondrocyte
apoptosis in response to nitric oxide39. Tew et al. reported
apoptosis and necrosis at the edges of a cartilage wound
created by a trephine injury9. Loening et al. reported
apoptosis in calf cartilage explants in response to injurious
compression with stress levels as low as 4.5 MPa when
applied for six cycles of 25 min compression6. D’Lima et al.
also showed a similar dose reponse in apoptosis levels to a
single transient static injury in adult bovine cartilage5.
The results of the present study demonstrate that mech-
anical injury of human articular cartilage in vitro also results
in chondrocyte apoptosis at the load intensities used,
similar to the previous report on bovine femoral condylar
articular cartilage5. Apoptosis was induced at both 14 MPa
stress and 30% strain levels. The percentage of cells
undergoing apoptosis was measured by TUNEL. It is
possible that TUNEL may be positive for necrotic cells in
addition to apoptotic cells. Apoptosis was therefore
confirmed using two other methods: electron microscopy
and immunohistochemical staining with M30. Electron
microscopy of loaded samples demonstrated cellular pat-
terns characteristic of apoptosis. An early feature of apop-
tosis is the cleavage of cytokeratin 18 by caspases40. This
exposes a neo-epitope specific for apoptosis which can be
detected by M30, a monoclonal antibody26. Cells staining
positive for this neo-epitope were found mainly in loaded
samples, confirming TUNEL results.
The demonstration that load-induced cell death occurs in
the form of apoptosis provides the basis for subsequent
studies that can define signaling events that link mechan-
ical stimulation to the activation of the apoptosis cascade.
The triggers of apoptosis induced by mechanical stimu-
lation are not known but several candidates can be pro-
posed. Nitric oxide donors can induce chondrocyte
apoptosis and one prior study demonstrated that mechan-
ical stimulation induced NO production in chondrocytes41.
Myocytes demonstrated apoptosis induced by stretch and
this was associated with increased expression of the Fas
receptor14. In endothelial cells, stress-induced rearrange-
ment of the cytoskeleton has also been shown to cause
apoptosis15. It is therefore possible that cytoskeletal
changes are induced in chondrocytes also as a result of
mechanical loading.
Cell death, even in the form of apoptosis appears to be
linked to matrix degradation in cartilage. Since cartilage
does not contain tissue macrophages, there is no apparent
mechanism for removing dead cells or apoptotic bodies.
This raises the possibility that chondrocyte apoptotic rem-
nants could cause further tissue damage and impact sub-
sequent repair. The contribution of cell death to cartilage
degradation has recently been suggested for human and
experimentally induced osteoarthritis42,43. In these carti-
lage pathologies, there was a close correlation between the
frequency of chondrocyte apoptosis and severity of osteo-
arthritic changes. Possible mechanisms are the presence
and release of enzymes that cause matrix calcification or
degradation from apoptotic bodies42.
The demonstration of a distinct time course of load
induced apoptosis in cartilage has potential implications forthe pharmacologic modulation of post-traumatic cartilage
lesions. Following mechanical injury induced cartilage
damage, there appears to be a time period during which
chondrocyte apoptosis may be sensitive to inhibition.
Apoptosis is mediated by a cascade of aspartate-specific
cysteine proteases or caspases. Caspase inhibitors have
been shown to be effective in a variety of cells includ-
ing peripheral blood T-lymphocytes and breast cancer
cells21,44,45. More recently, in models of ischemic brain
injury, meningitis, and liver ichemia, caspase inhibition was
protective against apoptosis in vivo18–20. Results of this
study suggest that broad spectrum caspase inhibition can
prevent chondrocyte apoptosis in vitro after mechanical
injury. This opens possibilities of a therapeutic approach to
the preservation of chondrocyte viability and reduction of
matrix damage after mechanical injury.Acknowledgments
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